The interaction of human hemoglobin (Hb) with surface active ionic liquids (SAILs), 1-dodecyl-3methylimidazolium chloride [C 12 mim][Cl] and 1-hexyl-3-methylimidazolium dodecylsulfate [C 6 mim] [SDS], has been studied in aqueous medium through various techniques like surface tension, UV-vis spectroscopy, fluorescence spectroscopy, isothermal titration calorimetry (ITC) and dynamic light scattering (DLS). The interactional behavior of SAILs toward Hb at the air/solution interface is investigated and various interfacial and thermodynamic parameters have also been calculated. The conformational changes in Hb upon interacting with SAILs have been illustrated from UV-visible measurements in combination with fluorescence spectroscopy. These results indicate that at lower concentration the [C 6 mim][SDS] monomer forms stronger Hb-[C 6 mim][SDS] monomer complexes as compared to [C 12 mim][Cl], whereas at higher concentration [C 12 mim][Cl] denatures Hb more and induces the release of heme from the hydrophobic pocket of Hb. The enthalpy changes were also investigated by using isothermal titration calorimetry (ITC). The dynamic light scattering (DLS) measurements revealed the effect of SAILs on the hydrodynamic diameter (D h ) of Hb. Scheme 1 Molecular structure of SAILs (a) 1-hexyl-3-methylimidazolium dodecylsulfate [C 6 mim][SDS] and (b) 1-dodecyl-3methylimidazolium chloride [C 12 mim][Cl] used in this study. 13042 | RSC Adv., 2017, 7, 13041-13052 This journal is
Introduction
Hemoglobin (Hb) the main component of red blood cells is an iron containing oxygen transporter and fundamental part of vertebrate erythrocytes. It plays an important role in transporting oxygen from lungs to different tissues. 1, 2 It transports H + , HCO 3 À (bicarbonate) 2,3-bisphosphoglycerate and carbon dioxide, and maintains the pH of blood. [3] [4] [5] Hemoglobin, with a molecular weight 67 kDa, has a tetrameric structure consisting of four heme prosthetic groups and four polypeptide chains (two a chains and two b chains), which are held together by a number of noncovalent interactions such as hydrogen bonds, van der Waals interactions, electrostatic interactions, and hydrophilic/hydrophobic forces. 6, 7 The a subunit contains 141 amino acid residues and the b subunit contains 146 amino acid residues. There are two major conformations of Hb (R and T); oxygen binds to both states but has relatively higher affinity for the R state. 8 The deformation of Hb is associated with many diseases like leukemia, anemia, porphyria, sickle cell anemia and hemolysis. 9, 10 The eld of protein-surfactant interactions is of preponderant importance and widely studied using many techniques owing to their applications in biological, medicine, pharmaceutical, cosmetics, emulsiers, paints and coatings. [11] [12] [13] [14] Proteins are frequently utilized in conjugation with various surfactants to control and improve the interfacial tension as well as bulk properties of proteins. In addition surfactants have also been found to induce structural changes in thermodynamically stable conformations of proteins which in turn affect functional activities of proteins. Thus such conformational alterations in proteins due to clashes between surfactants and proteins make the in vitro protein-surfactant studies relevant. There are several reports in literature where surfactants seems to improve interfacial and bulk properties of proteins and also induce conformational alterations of proteins in terms of folding and unfolding, bril formation of proteins, self aggregation of proteins and affects the biological activity of proteins. [15] [16] [17] Sarrion et al. have studied the binding affinity of dimeric surfactants to calf thymus DNA and demonstrated the effect of spacer length of dimeric surfactants on DNA-surfactants interactions employing spectroscopy, (UV-visible and uorescence) atomic force microscopy and various other techniques. 18 The changes in secondary structure of bovine liver catalase in the presence of gemini surfactants and unfolding of protein have also been investigated by Akram et al. 19 Gebicka and Banasiak have explored the conformational changes in methemoglobin upon binding with anionic surfactants sodium dodecyl sulphate (SDS) and sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and reported the formation of pentacoordinated species in micellar media. 20 Cationic surfactant hexadecyltrimethylammonium bromide (HTAB) has been reported to induce alterations in terms of unfolding in Hb using spectroscopy measurements. 21 The hydrophobic adsorption mechanism of two different surfactants, hydrogenated (sodium octanoate (SO)) and uorinated (sodium peruorooctanoate (SPFO)) on hemoglobin and number of adsorption sites on Hb have been studied by Prieto et al. 22 Over the past few years, the eld of surfactant chemistry has anticipated the replacement of conventional surfactants with a new class of surfactants named as surface active ionic liquids (SAILs) due to their tunable physiochemical properties and innate surface activity. [23] [24] [25] [26] A variety of SAILs have been investigated in the literature which are mainly based on imidazolium, pyridinium, morpholinium and pyrrolidinium cations but the imidazolium based SAILs are of specic interest due to their better antimicrobial activity. [27] [28] [29] [30] [31] In these days, the dynamics of binding of SAILs to proteins represents more active area of investigation. There are numerous studies where the effect of SAILs has been investigated on the aggregation behaviour of biopolymers, co-polymers and polyelectrolytes. [32] [33] [34] [35] [36] [37] Singh et al. have investigated the interactions of gelatin protein with room temperature ionic liquids and concluded the effect of hydrophobicity of ionic liquids on the conformation of gelatin. 32 Miller et al. have studied the thermal stability and conformational changes in myoglobin in the presence of ionic liquids and reported that myoglobin undergoes destabilization and unfolding in the presence of ionic liquids. 33 Shu et al. have demonstrated the folding-unfolding behaviour of bovine serum albumin in ionic liquids solutions and reported that probing of protein-ionic liquids interactions is method dependent. 34 Till now, the interactions of SAILs and blood plasma protein hemoglobin have been scarcely investigated. [38] [39] [40] Venkatesu et al. have studied the conformational stability of Hb in the presence of varying concentrations of ionic liquids using spectroscopy and molecular docking techniques. 38 In another report they have investigated the interactions and effect of ionic liquids on the stability/destability of Hb using various techniques. 39 Thus, the scarcity of such studies in the literature prompted us to carry out a detailed analysis of interaction phenomena in the Hb-SAIL systems because such studies are of prime importance in the eld of biotechnological areas. Therefore, with an aim to scrutinize the interactions present between hemoglobin and SAILs herein we have studied the conformational alterations in hemoglobin mediated by SAILs: 1-dodecyl-3-methyl imidazolium chloride [C 12 mim][Cl] and 1hexyl-3-methylimidazolium dodecylsulfate [C 6 mim][SDS] at pH 6. In brief we have studied the interactions between hemoglobin and SAILs using a variety of techniques. The tensiometry measurements have been exploited to get better insights into the interaction process and to explore interfacial properties of SAILs in the presence of Hb. The UV-visible spectroscopy, uorescence spectroscopy and isothermal titration calorimetry were employed to understand the spectroscopic and thermodynamic aspects of Hb-SAILs complex respectively. Dynamic light scattering (DLS) measurements were also carried out to exemplify the variations in hydrodynamic diameter (D h ) of Hb in the presence of SAILs and the results obtained from all various techniques matches very well. The mode of interaction of both SAILs with Hb is different. The observed results can be considered of special interest toward understanding of Hb-SAILs colloidal chemistry as well as for designing formulations for industrial applications.
Experimental

Materials
Human hemoglobin as lyophilized powder, stored at 2-8 C was purchased from Sigma Aldrich and used as received. The surface active ionic liquid, 1-dodecyl-3-methylimidazolium chloride [C 12 mim][Cl] and 1-hexyl-3-methylimidazolium dodecylsulfate [C 6 mim][SDS] were synthesized and characterized using 1 H NMR as per the procedures mentioned elsewhere. 41, 43 The synthetic procedure of SAILs has been discussed in Annexure S1 of ESI † and the structures of the SAILs are given in Scheme 1. AR-grade potassium dihydrogen phosphate and dipotassium hydrogen phosphate were purchased from Merck, India. All the solutions used in the work were prepared in phosphate buffer (5 mM and pH 6) using analytical balance with a precision of AE0.0001 g. [SDS] using Malvern NanoZS zeta-sizer equipped with 632.8 nm He-Ne laser in backscattering mode at a scattering angle of 173 . The temperature 298.15 K was maintained by in-built temperature controller having an accuracy of AE0.1 K. All the samples prior to measurements were properly ltered from 0.2 mm lters to avoid interference from dust particles.
2.2.6. Turbidity measurements. The turbidity measurements were performed on OAKTON T-100 turbidity meter. The sample cell was lled with 10 mL 5 mM Hb solution and titrated with concentrated solution of SAILs with continuous stirring.
Results and discussion
Surface tension measurements
The tensiometry proles of SAILs, [C 6 mim][SDS] and [C 12 mim] [Cl] in the presence and absence of 5 mM Hb in buffer (pH 6.0) have been shown in Fig. 1 (a) and (b) respectively. The g value decrease linearly for SAILs in buffer with increasing concentration of SAILs before reaching critical micelle concentration (cmc) and aer that a nearly constant value is obtained upto the completion of monolayer formation at g cmc . The lower g cmc (27.1) value of [C 6 mim][SDS] is an evidence that [C 6 mim][SDS] is more densely packed and has better surface activity as compared to [C 12 mim][Cl] (g cmc ¼ 31.0). The marked decrease in cmc of [C 6 mim][SDS] is due to the presence of both [C 6 mim] + which provide hydrophobicity and 12 carbon long alkyl chain (SDS) as counterion which reduces the hydration and enhances counterion binding. The 6 carbon alkyl chain of [C 6 mim] + interact with 12 carbon alkyl chain of anion via hydrophobic interactions similar to that of mixed micelles thus [C 6 mim] [SDS] possess lower cmc value. 42 The population of [C 6 mim] [SDS] is more at air-water interface due to effective screening offered by counterion between head groups, van der Waals interaction between alkyl chains of cation and anion along with H-bond and electrostatic interaction between sulphate and imidazolium group. 43 In the presence of Hb, different tensiometric proles were obtained for SAILs (shown in Fig. 1(a) and (b)). The g value for Hb was found to be low (50 mN m À1 ) which suggested that Hb is rmly surface active and get adsorbed at air-water interface. With successive addition of [C 6 mim][SDS], g value decreases sharply upto C 1 aer that it decreases at a slow rate upto C 2 followed by again steep decrease uptil C 3 to attain saturation ( Fig. 1(a) ). Initially at lower concentration of [C 6 mim] [SDS] the sharp decrease in surface tension with lower slope indicates the initial complexation of [C 6 mim][SDS] with Hb which leads to the formation of surface active Hb-[C 6 mim][SDS] monomer complex. At pH 6 (below isoelectric point) Hb display positive charge. The interactions are mainly electrostatic in nature in dilute concentration region as the positively charged [C 6 mim] + ions of SAIL interacts with negatively charged amino acid residues present on the protein along with the hydrophobic interactions between alkyl chain and hydrophobic moieties of Hb. 44 Aer C 1 the g value decreases slowly due to the formation of highly surface active Hb-[C 6 mim][SDS] monomer complexes which gets adsorbed and accumulated at air-water interface. Aer C 2 , further increase in concentrations of [C 6 mim][SDS] sudden sharp decrease in g value has been observed. More added [C 6 mim][SDS] occupy free sites at interface thus reduces g up to C 3 . In region C 2 -C 3 Hb undergoes conformational changes and Hb-[C 6 Table 2 .
Spectroscopic study (UV-vis absorption and uorescence measurements)
To study the change in protein conformation upon binding with ligands UV-vis spectroscopy and uorescence spectroscopy methods are good to be adopted. 49 Hb at pH 6 where Hb displays positive charge. The UV-vis spectra of Hb shows several peaks, one at 276 nm due to phenyl group of Trp and tyrosine residue, 406 nm (Soret band, due to p / p* transition), 500, 536, 576 and 630 nm (due to oxy band or Q band and ligand to metal charge transfer spectra). The allowed p / p* transitions are mainly due to heme group of protein which is embedded in the hydrophobic pocket formed by protein backbone. 51 Thus appearance of Soret band at 405 nm conrms the folded or native structure of Hb. Any disturbance or changes in Soret band reveals the reduction in a-helix content of Hb. 52 Fig. 2(a) , absorption peak of Soret band at 405 nm decreases linearly up to C 1 without any shi in l max (Fig. S3 †) . These results indicates that initially [C 6 mim][SDS] interact with backbone of Hb through weak electrostatic interactions, hydrogen bonding and hydrophobic interactions. Once the C 1 reached, the turbidity appears which results into increment of UV-vis absorption upto C 0 1 followed by decrement upto C 00 1 . The appearance of turbidity is the result of charge neutralisation of oppositely charged [C 6 mim][SDS] and amino acid residues of Hb. Once the C 1 reached, the l max also shis and a new peak starts to form at 415 nm, the main characteristic of hemichrome. 53 The formation of new band at 415 nm clearly indicates the oxidation of oxyhemoglobin to methemoglobin (metHb) and latter converted into hemichrome. 54 The autooxidation process is not a simple but it is associated with the dissociative mechanism with the loss of superoxide anion (O 2 À ) from oxyHb and leads to the formation of 5-coordinated intermediate. This vacant position in 5-coordinated Fe 3+ complex is thus occupied by either hydroxyl ion or by water molecules (from surrounding medium) to form metHb. 55 But in the presence of surface active ionic liquids the metHb gets converted to hemichrome. The potentiality of interactions present between Hb and SAILs bring a comprehensive change in surrounding environment of [SDS]-Hb aggregates via strong electrostatic and hydrophobic interactions. With careful observation it was observed that turbidity appears only upto C 00 1 aer that it disappears with sharp linear decrement in UV-vis absorption upto C 2 . The disappearance of turbidity clearly indicates that when C 2 reached the hydrophobic interactions between hydrophobic tail of [C 6 mim][SDS] and Hb dominates over the electrostatic interactions and they stabilized the hemichrome formation. These results were contrary to earlier reported Hb-SDS system where SDS micelles induce the heme release and solubilise them in micellar core whereas in [C 6 mim][SDS] molecules the long hydrophobic chain forms network like structure thus prevent the release of heme molecules. 56 These results were also conrmed from the changes in the uorescence intensity upon addition of [C 6 mim][SDS] as shown in Fig. 4(a) . The uorescence of proteins arises from Trp, tyrosine and phenylalanine present in protein. In hemoglobin the intrinsic uorescence primarily arises from 3 Trp residues (a214Trp, b215Trp and b216Trp). 57 The hemoglobin exhibit weak uorescence due to the quenching of Trp uorescence by heme group of porphyrin ring by radiationless energy transfer. 58 In presence of [C 6 mim][SDS] the uorescence intensity of Hb increases might be because of two main reasons. First, is the increased hydrophobicity around heme group and second could be the prevention of quenching effect owing to nonradiative energy transfer from Trp residue to heme group. The heme group is initially embedded in the hydrophobic cavity of the protein but with the addition of SAIL the hydrophobic tail of [C 6 mim][SDS] penetrate into hydrophobic cavity of Hb and heme group is exposed which leads to the uorescence enhancement. The uorescence intensity increase slowly upto C 1 which indicates the presence of interactions between Hb-[C 6 mim][SDS]. Aer C 1 the uorescence intensity increases and mixture become turbid indicates that Hb-[C 6 
mim][SDS]
aggregates formed owing to strong electrostatic interactions between oppositely charged groups but once C 2 reached turbidity disappears and blue shi in l max have also been observed. The uorescence intensity sharply increases aer C 2 and continues to increase uptil C 3 reached aer which saturation comes. These results reveal that aer the disappearance of turbidity hydrophobic interactions dominates over electrostatic interactions. The unchanged l max suggest that hemichrome is not further changed and stabilized by [C 6 mim][SDS] micelles. The sharp rise in uorescence intensity is up to C 3 aer that it becomes constant as free micelles formed and Hb surface get saturated with formed micelles. As the turbid nature of Hb-[C 6 ( Fig. 4(b) ) where at lower concentration of [C 12 mim][Cl] (below C 1 ) the uorescence intensity of Hb increases which has been attributed to conformational changes in Hb on interacting with SAIL molecules. On partial unfolding of Hb, the distance between Trp residue and heme group is increased which shield the nonradiative energy transfer from Trp to heme moiety. With further increasing [C 12 mim][Cl] concentration the intensity decreases due to the formation of Hb-[C 12 mim][Cl] aggregate complex guided by enhanced hydrophobic interactions between [C 12 mim][Cl] tail and hydrophobic moieties of Hb. Aer C 2 addition of more [C 12 mim][Cl] increases uorescence intensity due to increased hydrophobicity around heme group and then reaches upto C 3 aer that the addition of more SAIL leads to the saturation of Hb in aqueous medium. Whereas in case of UV-vis, once C 2 reached the absorbance decreases very slightly but blue shi of Soret band has been observed, latter shis from 413 nm to 404 nm. The transitions in l max of Soret band from 405 nm to 413 nm and from 413 nm to 404 nm at higher concentration of [C 12 mim][Cl] indicate the transformation of aquometHb to hemichrome and hemichrome to heme monomer respectively. 56 Such blue shi (413 nm to 404 nm) of Soret band in [C 12 mim][Cl]-Hb system which is absent in [C 6 mim][SDS]-Hb system illustrate the formation of pentacoordinated heme and also get conrmed from the appearance of new absorption peak at 575 nm at higher concentration of [C 12 mim][Cl]. 8 Similar type of behaviour of hemoproteins in the presence of surfactants has been exemplied earlier as well. 59, 60 At higher concentration free micelles of [C 12 mim][Cl] formed which induce the heme group to be released from the hydrophobic pocket of protein, probably because the hydrophobic cavity of [C 12 mim][Cl] can solubilise heme.
Based on the above discussion we can understand that the two main processes were carried out by SAILs with their addition to Hb (a) dissociation of Hb subunits which leads to the exposure of amino acids residues involved in inter-subunit connections (b) the oxidation of ferrous state of metallic centre to ferric state. The spectral changes observed for SAILs are different. The [C 6 mim][SDS] monomers binds strongly to Hb as compared to [C 12 mim][Cl] owing to the presence of strong electrostatic interactions and hydrophobic interactions in [C 6 mim][SDS]-Hb system which can also justied on the basis of binding constant and ITC measurements (discussed ahead). The [C 6 mim][SDS] initially form monomer complex with Hb and brings conformational changes of Hb in term of unfolding. They transform the aqomethHb to hemichrome and stabilize the hemichrome whereas in [C 12 mim][Cl]-Hb system conformational changes arises due to transformation of aqomethHb to hemichrome and hemichrome is further transformed into heme monomer which is solubilised in the [C 12 mim][Cl] micellar core. The long hydrophobic chain of [C 6 mim][SDS] interacts with two hydrophobic regions of Hb and it can form a network like structure which prevent heme group to leave the protein cavity. But the complex structure of [C 6 mim][SDS] brings conformational changes and also disrupts the environment around heme group.
Quantitative evaluation of Hb-SAILs interaction
In view of tensiometry, UV-vis spectroscopy and uorescence measurements it was concluded that at lower concentration of SAILs (before C 1 ) Hb-[C 6 mim][SDS] and Hb-[C 12 mim][Cl] monomer complex were formed and guided by electrostatic and hydrophobic interactions. Thus for quantitative estimation of the binding of SAILs to the Hb the absorbance data is used in the Benesi-Hildebrand equation which is given as follows 61
where A o , A and A 1 are the absorbance in the absence, at intermediate Hb-SAILs complex concentration and at innite concentration of SAILs respectively and K a is the binding constant. The plot of 1/A À A o versus 1/[SAIL] n gives straight line when n ¼ 1 indicating 1 : 1 stoichiometry for these complexes (Fig. 5) . The stoichiometry was further conrmed using Job's plot (discussed in Annexure SIII †). The binding constant further used to calculate free energy change (DG) for Hb-[C 6 
mim][SDS]
and Hb-[C 12 mim][Cl] complexes using eqn (2) and provided in Table 3 .
where R and T are universal gas constant and temperature respectively. It can be observed from the K a values that binding constant is stronger for [C 6 
Isothermal titration calorimetry (ITC) measurements
The ITC experiments were performed further to explain the enthalpy changes in binding of Hb with SAILs in premicellar and postmicellar regions. Fig. 6(b molecules on binding to Hb causes the geometric distortion and exposed the charged amino acid residues and negatively charged residues which are now free to bind with positively charged head group of [C 12 mim][Cl] via electrostatic interactions. The spectroscopic measurement also reveals that aer C 2 hemichrome is formed and denaturation of Hb occurs. Thus addition of [C 12 mim][Cl] makes the hemoglobin denatured and micelles like aggregates formed at C 2 (12.3 mM). In region III when the [C 12 mim][Cl] concentration is above C 2 the endothermic heat changes were observed upto C 3 as denatured Hb has more hydrophobic chains which are exposed thus [C 12 mim] [Cl] induces the heme group to be released from hemoglobin and subsequently solubilised in the micellar core. Aer C 3 the unchanged or nearly constant heat changes values have been observed due to the saturation of Hb.
Dynamic light scattering (DLS) measurements
DLS measurements were used to investigate the change in size of Hb upon interacting with SAILs. In the absence of SAILs the apparent size of Hb in buffer is 6 nm indicates that protein exist is the form of random coil due to strong hydrophobic interactions among polypeptide chains. The variation in size of Hb in the presence and absence of SAILs has been shown in Fig. 7 Fig. 7(b) . With the addition of [C 12 aggregates disintegrate into relatively small sized aggregates thus D h values decreases sharply upto 195 nm and aer that it decreases slowly upto C 2 . In concentration region C 1 -C 2 conformational changes occurs in Hb and folded structure of Hb can be expected to form with the loss of superoxide anion with the release of heme monomer. These results are also justied from UV-visible results where pentacoordinated species is formed with the release of heme. Aer C 2 with further addition of [C 12 mim][Cl] hydrophobic interactions increases which induces the heme monomer to leave the hydrophobic pocket of protein thus size increases but only upto C 3 . Once C 3 reached the D h value remains unchanged due to the saturation of Hb with the addition of more [C 12 mim][Cl].
Conclusions
In conclusion, in this work we have studied the comparative studies on the interactions of Hb with [C 6 mim][SDS] and [C 12 mim][Cl] with the aid of various techniques. The surface tension measurements have been performed to study the interactional behavior at the air-solution interface and the results have been discussed in detail giving various transitional concentrations and evaluating s max and A min values. The binding mechanism and structural alterations in Hb induced by SAILs have been thoroughly studied using spectroscopic measurements. The results based on the experiments conrms the formation of hemichrome in Hb-SAIL systems but the ejection of heme from Hb hydrophobic pocket to micellar core takes place only in Hb-[C 12 mim][Cl] system, whereas the long alkyl chain of [C 6 mim][SDS] forms network like structure and prevent the release of heme molecule thus hemichrome remains stabilized. The addition of [C 6 mim][SDS] to Hb leads to aggregation of protein which is evidenced from appearance of turbidity and appearance of larger aggregates in DLS measurements. Despite these investigations, ITC measurements were also performed to investigate the enthalpy changes and exact nature of molecular interactions present in Hb-SAIL system. As protein-surfactant systems are consistent with the biological membranes so gives the opportunity to explore surface active ionic liquids to understand various biomembrane-protein functions. Our ndings provide an important insight into the Hb-SAIL interactions essential for determining their future use as excipients in pharmaceutical formulations containing proteins. These results may also show the potential utility of Hb-SAILs interactions in biotechnological processes and pharmaceutical formulations.
